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By E. Everling.

Synopsis.

The percentage .- weight of the wing relative to the total

weight of the airplane (c, = 100 W /Wk) and the weight of the

wing per unit area (WW, kg/m®) of actual airplanes are repre-

sented in their relation to the wing area (S m®) and to the wing

loading (W/S, kg/m2) ~ the influence of the latter will also be

dealt with theoretically.

1.

It is concluded that:-

The weight per unit area increas:s slight¥ly with the wing
area,

The percentage weight of the wing increases at a greater
rate,

The weight of the wing per unit. area increases rather rapii-
ly as the wing loading increases,

On the contrary, the percentage weight of the wing decreases
mucﬂ more rapidly.

There are considerable deviations from these laws, particu-

larly that under (1), and the exceptions are not confined

to special types of airplanes,

* From Technische Berichte Vol. III, Part 3.. (1018).
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8, The results of the theoretical and practical considerations
regarding the influence of the wiﬂg loading on the weight
of the wing are in agreement,.

This investigation supplements the previous report (T7.B. Vol.

II, No,3) in that it partly explains the variationsin the percent-

age weight of the wings, there considered, in their relation to the

dimensions of the airplane, particularly, by showing the influence
of the wing loading, and in that it deals further with the question

of the weight of the wings per unit of area.

Variation in the Weight of the Wings.

When apportioning thelweight of the airplane into its main
component parts (T.B, Vol. II, Part 3, pp. 563 and 579), with ciler
considerations it was ascertained that the combined weight of the
stTucture (wings, tail unit, fuselage, landing gear etc.) varied
with the dimensions as well as with the wing loading, but that the
actual relations existing were not completely illustrative of the
slight variation of the weight of the wings with the dimensions 6f
the airplanes and with the wing loading, which was indicated only
in the first report, (T.B., Vol. II, Part 2, p.279) but which was
clearly evident from the table giving details of actual airplanes
included in that report. |

In the following portion of this treatise, the percentage
weight of the other parts of the wing structure will be dealt with
and their relation to the size of the airplane will be demonstrated.

The size of the airplane will again be indicated by the total fly-

ing weight (W kg).
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Table

It

Distribution of Weight with loading and coefficients for various

tvpes of airplanes.

1 2 3 4 5 8 8 9 10
Type of{No. in| Total | Com-~ W, | We, | WE W, Wt of
air- former% flying bined | of of of of landing
No. |;plane |Tabl weight| Wt. of wing'tail fuse-jacces— gear
I. struc— lage | sories
fure

W | W, We | Wy | Vg W, W
kg kg kg | kg | kg kg kg

1 Ea 1 535 | 208 - 62| 9 82 31 42
2 Da 3 578 | 174 63| 10 50 23 30
3 Eb 4 604 | 181 701 10 44 27 30
4 Db 5 832 | 207 82| 13 68 15 29
5 | .De 7 780 | 245 1051 15 80 25 40
8 Da 8 841 | 219 84| 15 60 a5 35
7 De 9 45 | 253 135} 17 56 11 43
8 | .bf 11 887 | 254 113} 18 65 20 40
9 Dg 13 901 202 125} 33 55 30 50
10 Dh 13 908 | 258 991! 15 72 27 43
11 | SEVa 15 947 | 338 112 23 | 151 5 45
12 Di 18 954 | 300 123 | 186 87 28 46
13 | BE(I) | 18 990 | 350 154 | 34 &2 38 44
14 Dx 19 1028 | 328 143 13 78 33 59
15 Ba 20 1040 | 331 146 | 18 8l 83 48
16 |BE(II) | =21 1040 | 349 153 | 34 82 36 44
17 |  Ca 23 1071 273 110} 35 60 40 38
18 Cb 24 1130 | 335 135} 31 74 43 53
19 Bb 25 1218 | 517 211| 33 | 100 | 114 89
20 Ce 28 1256 | 333 1401} 18 80 45 49
21 cd 27 1286 | 380 146 | 18 70 80 68
23 Ce 28 1300 | 392 184 | 20 84 60 84
23 Cf 29 1315 | 409 167 | 18 | 100 70 54
34 Cg 30 1323 | 4023 180 | 22 | 110 28 62
25 Ch 31 1335 | 389 183 | 31 84 45 56
26 Ci 33 1346 | 327 150 | 15 63 43 58
27 Cx 33 1346 | 394 1501} 33 | 131 28 62
28 Ci 34 1350 | 458 212! 20 | 110 50 86
29 Cm 35 1353 | 403 158 | 17 | 180 18 54
30 Cn 36 1359 | 459 1741 33 | 120 80 82
31 Co 37 1475 | 404 192 16 88 56 52
33 Cp 38 1530 ] 430 171] 19 | 118 68 54
33 Ca 39 1546 | 430 188 | 23 | 102 43 83
34 Cr 40 1561 | 4863 193} 28 | 122 54 68
35 Cs 41 1585 | 440 182} 24 | 107 45 73

*See T.B. Vol.II, Part 8, pp. 568-571.
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Table I {(Cont)

Distribution of weight with loading and coefficients for various

tvpes of airplanes.

1 2 3 4 5 8 7 8 9 10
Type of No. in |Total |Com~ Wt. | Wo. | Wt | Wt Wt. of
- air- former* |[flying|bined | of of of of landing
No. plane [Table |weight|Wt.of | wing|tail [fuse-jacces- gear
I struc— lage | sories
ture ,
kg kg kg | kg | kg kg kg
36 Ct 43 1618 459 188 33} 145 42 62
37 Cu 43 1630 499 204 21| 128 62 84
38 Cv 44 1633 433 198 32 €8 38 71
32 Cw 45 i 1643 431 178 23] 130 47 " B4
40 Gx 46 \ 1868 | 444 | 200 32} 105 42 1 65
41 Jak> 49 2003 835 401 49 81 38 i 76
43 Ga 50 2785 | 988 541 54} 124 86 ' 183
43 Go 51 275 743 330 43 90 170 - 110
44 Ge 523 3024 | 882 468 18| 2352 35 101
45 Ga 53 3033 (1216 440 50| 470 180 96
46 Ge 55 3350 11002 3325 61 266 135 145
47 Gf 57 3415 842 400 421 110 180 130
48 Gg 58 3618 |1010 430 860 370 40 110
49 Gh 59 3818 (10823 4986 21} 339 68 168
50 Gi 80 3648 |1123 5086 21| 359 68 168
51 Gk 81 .4 3785 (1188 638 46| 182 | 132 1980
52 Ra 63 10203 {4838 |3070 365(1370 140 793
53 Rb 84 11460 4950 (3050 400 11450 250 800
54 Re 686 12953 5350 {2350 4001450 350 900
55 Rd 67 132035 |5223 [235 40011450 123 900
56 Dra |[(Draj** | 571 8
57 Dt —-*xx¥| 618 97
58 | Sopwith & 890 ’ 135
: ripigne

59 Dm - 697 86
80 Dn — 738 115
81 Drb — 745 o8
62 Po — 763 108
63 Dp — 838 143
64 Spad 10 857 99 1

SVII i
65 Dq (Db) 860 122
66 Dr 14 923 140 : i

F¥armor considered as useful load,
#a+kParentheses are taken from Table I of the
No. 2, p. 288,

ok

***Dashes indicate new types.

first report, T.B.V:.i 7!
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Table I (Contd.)

Distribution of weight with loading and coefficients for various
types of sirplanes. -

1 2 | 3 i a 5 & (7 | 8 9 10
Type'of |No. in | Total | Com— Wt., | Wt. 5. Wt. Wt. of
air- |former*|flying|bined | of | of | of of landing
No. plane |Table |weight|Wt.of jwing|tail} fuse-] acces-; gear
- I : struc- lage | sories
ture '
! W W, W | We | We W, W
i N d
l kg kg kg | kg | kg kg kg
67 | Be - 940 167
88 Dg - . 950 130
68 . D% (D£) 961 128
70 Cy _— 975 . 90
71 | Sopwith| 17 989 115
-geaden
73 Aa - 1035 126
73 Cz — 1043 1 120
74 Bd (Ba.) 1069 175
75 Be 23 1081 175 _ :
76 Bf _ 1150 213 -
77 ca — 1232 190
78 cB — 1238 178
79 CYy . — 1264 183
80 cé _ 1313 156
81 C¢ (Ce) 1330 . 165
83 ci - 1344 153
83 | . Cn (cd) 1349 238
84 ce - 1353 155
&5 o (Cg) 1496 206 o
g6 CK. _— 16830 180
87 CNF* | (Ck) 18423 203
88 Cu (ct) 1688 218
89 Cv 47 1730 214
90 Jb (Ja) 1831 214
o1 Jo 48 1878 200
93 Gl (Ga) 2785 545
93 Gm 54 3171 375
94 Gn 55 3400 450
95 Handley 63 5300 887
Page
96 Re ERa) 7560 1215
o7 Rf Rd) | 10000 1300 !

**Wing areas, ebc, , supersede pbrevious data.
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Table I (Contd. )

Co = Cy + ¢ + Cf + O

1 3 3 |11 |1z 13 14 18 17 18
Yo i = c e Fing|Wing |W¥ing
g{?i of gg}in co T|ow E £ area|load-| Wt, per
No. | plane |{mer* | 100 [100 100 °f 100 ing |unit
Tablel We Wy Wi We+W3, ﬁl g WS area
Ly w | w W ] ¥ ¥y/S
% | % % % ‘% | m® |kg/m?| kg/m?
1 Ea 1 | 38.5] 13.7 ! 1.7 17.3| 7.8} 14.0| 38.3| 4.46
2 Da 2 | 30.0| 10.7 | 1.7 12,5 5.1 16.7| 34.681 3,73
3 Eb 4 | 30.0| 11.61| 1.6 11.9 | 4,9 15.9] 38,0} 4.40
4 Db 5 132,71 13.0} 2.1 15.1 ] 4.5| 14,2} 44.5. 5.78
5 Dc 7 1314} 13,41 23,0 .] 10.9}5.1} 23.8] 33.1} 4.45
8 Dd 8 |238.0! 10.01 1.8 10.11{ 4.1 33.6| 35.8! 3.56
7 De 9 |29.8] 14.8} 2.1 7.9 1 5.0 20.5! 41. 21 8., 09
8 Df 11 {28,868} 12.8 1.7 9.6 4.5] 20.9| 42.4} 5, 42
g | Dg. 12 | 32,4} 13.9] 3.8 5.4|5.5| 25.8| 34.9! 4 84
10 Dh 13 {28.2| 10.9] 1.7 10.9 | 4.7 | 32.91 39.8; 4.33
11 | SEVa 15 | 35.5( 11.8] 2.4 16.6 | 4.7} 22.8] 41.5| 4,92
12 ' Di 18 | 31.5) 12.9| 1.7 12.1] 4.8 22.8| 41.8} 5,40
13 BE(I) | 18 |35.4{ 15.5| 3.4 12,0} 4.5] 38.4} 27.21 4,22
14 Dk 19 | 31.8) 14.0} 1.2 10.9 | 5.7 | 280 39.5! 5.51
15 Ba, 30 {31.8]| 14.0{1,5 11.9 | 4.4 41.71 24,9} 3,50
16 BE(II){ 21 |33.5| 14,7 ' 3.3 11,31 4.3 36.4| 28.6] 4,01.
17 Ca 22 (25,5 10.31 2.3 9.3 | 3,6| 24.0] 44.8] 4,58
18 Cb l 3¢ |38.8) 11,91 1.9 10.4 4.8 32, 4. 34 9l 4 17
19 Bb 35 [42.4|17.311.9 17.5| 5.7 | 43,5 28.7} 4.97
20 Co 26 |26.4) 11.211.4 9.9 | 2,91 27.68] 45.5! 5.08
21 cd 37 (28,1 11.5( 1.2 10.1 1 5.3 34, 4| 37.4) .4.24
22 Ce: 28 |30.1|12.811.8 11.0 | 4.9 | 38.9 | 35.3| 4,44
23 Cf 23 [31.1{12.7 '1.4 12,9 | 4.1 35,7} 38,8} 4,87
24 Cg 30 | 30.4] 13.6 1,8 10.5 4.7 | 37,4} 35.3] 4.82
25 Ch 31 (37.7}12.2!11.8 9.7 [4.2]36.1} 37.5} 4.5]
26 Ci 32 24,31 11.2 1.1 7.7 14,3 (38,2 35.2| 3.93
27 Ck 33 |29.3}11.2 1.8 11.8 4.6 |28.8]| 47.1| 5.235
28 cl 34 |33.91{15.7 | 1.5 11.9 | 4.8 | 40.8 | 33.2] 5.23
29 Cm 35 29,8 11.5 1.2 13,1 |4.0|37.8| 38.0] 4,15
30 Cn 36 [33.7|12.8 [1.7 14.7 4.5 140.4| 33.6]| 4. 31
31 Go 37 |37.4}13.1 1.1 8.7 13.538.6|28.2] 4.99
32 Cp 38 (28.3|11.2 1.3 12.3 13,5 134,131 | 44,81 5. 01
33 Cq 39 [27.2]12.2 1.5 9.4 14,1 (42,8 }38.1! 4 41
34 cr 40 {29.6(13.3 |1.7 11.2 14,4 |41.8 | 37.3| 4. 55
35 Cs 41 {37.7]13.1 1.5 9.8 [4,5 [43.4 36.5 1 4, 43

* See T.B. Vol,1I, Part 8, pp. 568-571.
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Table I {(Contd.)

Cc = Cy + Ct + Cf + ¢

3 3 111 | 12 | 13 ] 14 |15 | -18 | 17 18
- ] - ) - o
T No.in| ¢ =| cyg =] &y = ¢ c; | Wing 1Wing | Wi.g
a,s-j(_gi ot fgr_n ¢ v t £ } area | load- Wt,‘ per
plane mer™ | 100 | 100 3&00 I”’VIOE? 1%0 ing unli
table| w ] t [(E+Wa | A | 2T
T 72 w2 T ol B W/S Wer/S
% % | % % % | > |kg/w? | kg/n®
Ct 43 28.4] 11.6} 1.3 11.6/| 3.9| 40023 40.2 | 4.88
Cu 43 | -30.8/ 13.6| 1.3| 11.7| 5.2 38.2 42,4 | 5.34
Cv 44 25.9| 12.0) 3.0| 7.8 4.3 42,7 |38.4 | 4,59
Cw 45 26.2/ 10,8} 1.3] 10.8] 3.3| 34,0 [48.3 | 5.23
Cx 46 26.6/ 12,01 1.9} 8.8 3.9} 42.7 {39.1 | 4.8
Jax * 49 31,7/ 20.0} 2.5| 5,4 3.8] 50.8 |23.4 | 7,89
Ga 50 35.5/ 19.4[1,9| 7.8|6.8| 73.5 37,9 |7.36
Gb 51 24.9) 11,1 1.4| 8.713.7!1 74,0 140,2 | 4,46
Ge 52 38.5/ 15,4 0.6| ©.,3| 3.3| 84.8 | 35.6 | 5.50
Gad 53 40.1] 14.5] 1.6 20.8| 3.21 78.7 | 38.5 5.'59
Ge 55 30,9 12,2 1.9] 12.3| 4,51 79,2 |41.0 | 4. 99
Gf 57 24.6; 11.7) 1,2] 7.9| 3.8/ 68.7 |49.7 | 5,82
Gg 58 287.9| 11,9| 1.7 11.3| 3.0| 77.5148,7 | 5.55
Gh 59 30.3 13,7} 0.6] 11.3] 4.8} 84,8 | 42,7 | 5.85
Gi 60 | 30.8 13.9} 0,8] 11.7| 4.8} 84.8 [ 43,0 | 5,97
Gk 61 31.3 16.8| 1.2 8.3)| 50| 99.8 [38.0 | 8.39
Ra, 83 45,5 20.3| 3,8| 13.8| 7.813%2.0 [30.7 | 8. 23
Rb 64 43,3 17,91 3.5| 14.8] 7.01332.0 |34.5 | @, 17
Re 66 41,3 18.1f 3,1| 13,1 7.01332.0 129.0 | 7. 08
Rd 87 40.1 18.0( 3.1{ 12.1! 6.91332,0 {38.2 | 7.08
Dra (Dra ]+ 14. 8 17.5-|32.8 | 4.83
Di ——*¥xx% 1 15.8 17.7 |3%4.9 | 5.49
Sopwith 8 {19, s : - 1 23,0 |31.4 8. .14
trlplanq
: - 12.3 ‘ 18.7 |37.4 | 4.80
Dn - 15. 6 17.1 143.2 |86.72
Drb - 13, 2 ‘ 17.2 {43.4 |5.70
Do - 13, 9 -1 17.1 ja4.8 |86.20
Dp . - 17.1 22.3 {39.8 |8, 42
Spad 10 11.5 20.5 l41.8 | 4.83
SVII
Dq (Db) 14, 2 16.9 |50.9 |7, 32
Dr I 14 15,3 22.2 [41.8 |8. 30




Cc = Cy + C4 + CFf + Cl
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Table I (Contd. )

1 2 3 11 13 13 14 {15 18 17 18

-3 = ' Wing | Wing | Win
g{EfEOf ?g}fn. ce Cw °% °t 1% aTes | load Wtq%L

No. | plane fmer* { 100 100 100, 100 | 100 ing |[unit -
I W w ol w W W S | WS {®/S

% % | % % % e | kg/m?| kg/w?

87 Bc — 17.8 32.2 29.3 { 5.19
68 Ds _— 12.6 - 20.9| 45.5 | 5.74
89 Dt (D£) 13.2 - 23.91) 40.2 | 5.29
70 Cy - 3.2 35,8 37.8 | 3,49
71 [Sopwith 17 11.8 31.6| 31.3 | 3,63
2-seater ’ e

73 Aa, _— 12.3 30.2| 34,3 | 4,18
73 Cz - 11. 5 23,4} 44,6 | 5,14
74 Bd (Ba) 16. 4 40.81| 28.3 | 4,31
75 Be 23 18. 3 40.6 26.6 | 4.31
76 Bf - 18.4 37.1| 43.4 | 7.83
77 | Cg, — 15. 5 40.5| 30.3 | 4.69_
78 (o1 _— 14, 4 37.5| 33.0 | 4.74
7 cy —_— I 14,5 35.0; 38.2 | 5.233
80 C6 — 11,9 34, 4| 38.3 | 4. 54
81 | " Ce (Ce) | 13.5 35.7| 37.0 ) 4, 63
83 o14 — | t 11, 4 37.1) 36.3 4,13
83 cn (ca) £ 16.9 35.9! 37.8 ' 7.34
g4 | ©8 - | 115" 34.4| 39.3 | 4,51
g5 o (cg) ; 13.7 41,3 36.3 ! 4, 9¢
g6 | Ck — 11.0 | 34,0 48.0 | 5, 30
87 CA* ™ Eckg 12,3 34,0! 48,3 | 5,94
ge | cu ci) | 12.9 42.7 1 33.5 | 5.10
89 Cv 47 13. 4 40.7! 42.8 | 5,27
20 Jb (Ja) 11,7 | 42.7 | 43.0 | 5,02
91 Je 48 | 10,7 | 37.3| 50.5 | 5. 38
g2 Gl (Ga) 18.6 73.51 37.9 | 7.42
93 Cm 54 l 11.8 | 75.0] 42.3 | 5.00
94 Gn 56 | 13.3 | 75.68} 44.9 | 5.95
g5 |[Handley 82 | 14,7 152 38.B8 | 5.68

_~ | Page ! E

g6 Re (Ra)] 18.1 |- 233 32.4 | 5.21
g7 Rf {RQ) | 13.0 | 264 . 37.¢ a4 g3




- e

- 9~

As in T.B. Vol. II, Part 2, it was shown that the weight of
the wing was approximately proportional to the flying weight, that
is to say, that the percentage weight of the wings peing practi-
cally constant, we can take the area of the supporting surface
(S m®) ae an indication of the size of the airplane, and the wing
loading (W/S, kg/m®3 as a relation between the size and the
weight, and consider these values as independent variables.

The measure of the weight of the wing is again considered as
the relation between the weight of the wing (Wy, kg) and the total
flying weight, or the percentage weight of the wing component
(cy = 100 ¥./Wh) and, also, from the point of view of the wing
weight per unit area* (W,/S, kg/m®) this being a criterion of the

lightness of the construction.

Weight of the Wings in Actual Airplanes.

Data respecting these four values for a series of agtual air-
planes are given in columns 4, 5, 13, 16, 17, 18 of Table 1. They
differ only very slightly from the values in the previous tables;
in one place, however, several small errors have been-rectified,
although these did not affect the conclusions previously reached.
The mutual relation between the two independent and the two depend-
ent variables is represented graphically in Figs. 1-4.

In the first place, it should be noted that the wing loadings °

under consideration vary mainly between 35 and SO kg/ma. while the

* The expression "wing weight per unit area" is used in the same
sense as the "ving loading" or "weight per HP", '
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1

areas of the wings (owing to the greater number of small airplanes
of which data were obitainable and the marked differences in the
dimensions of the various types) lie principally between 16 and 43
m?, a few being about 80 m?, and some about 330 w®; but between
these groups there are only a few isolated values and, therefore,
wide gaps exist. The values plotted on the diagrams are also
widely scattered, especially those relating to the smaller types.
This appears to be due not only to the larger number of the small-
er types but also to the fact that the larger types are more stand-
ardized, 1

Generally, both tﬁe percentage weight of the wings an the
weight per unit area ino;ease with increasing area, the former
more than the latter, as the former varies from 12% in small air-
rlanes to 18% in the large types, while the weight per unit area
varies from 4 to 8 kg/m® only. M outstanding exception to these
values is afforded by the J-type airplane, which was referred to
in the firsf report on acoount of its‘extraordinarily_heavy wings.
It represents a new type possessing certain aerodynamic advant-
agesg; and it is now possible to reduce the weight of these wings
considerably, as is shown by the GO, No.73 in Table 1, this air-
rlane being similar in construction to the J-type airplane. The
other particularly high values belong to older types. On the other
hand, in a light OC-machine +the wings are only 9. 2% of the total
weight, while in the first report the lowest value tabulated was
11, 1%, arplying to a G-type airplane.

The tendency with increasing wing loading is partly in the
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oprosite direction to the above; the percentage weight of the wing
component again increases very considerably, but the weight of the
wing per unit area decreases at a more rapid rate. The exceptions
to this are, practically, confined to those types of airplanes re-
ferred to in the preceding varagraph.
To summarize, approximate average values may be laid down as
follows:
Table II.

Average values of percentage weight of wing component and wing
weight per unit area.

Wing loading Weight per unit area Percentage weight of
. wing unit.
kg/m® kg/m?2
25 4 16
30 4 15
35 4% 14
40 5 13
45 5-;- 12
50 8 11 -
Y
Conclusions.

The relations thus established are not unexpected, as a sugper-
ficial examination of the data given would lead one to suprose
that the weight of the wing will increase with increasing area
(that is, with increasing span), and that, under certain conditions,
the decrease of the wing loading which necessarily follows, will

lighten the wing, A4s, in addition, the weight of the wing has now
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been represented as a percentage of the total weigh% and in its
relation to the wing area, it was to be expected that, with in-
creased wing loading, for reasons of strength, in the first place,
the value W./S  would increase, while the percentage weight of
the wing component would decrease, because the weight of the wing
increases in this case more slowly than the total weight.

These relations can be more accurately appreciated if we im-
égine an airplane with its linear dimensions doubled. First, let
the wing loading remain unchanged. Then,.in agreement with Lan-
chester's Theory as shown in the first report, the wing area and
the total weight are quadrupled, the weight of the wings is in-
creased to eight times their former value, and, ag then, the rate
of increase of the weight of the wings is as the total load raised
to the power of 1.5, while the strength.of the wings remains un-
changed. Accordingly, the wing area and the total weight increase
a8 the square; the weight of the wing, as the cube; and the wing
weight per unit area, and also the percentage weight of the wing_
component, as the first power, of the span,

Consequently, the percentage weight of the wings and the wing
weight per unit area must always increase more slowly than the in-
crease in the square root of the wing area; that is, with increas-
ing wing area the curves showing the relation between wing weight
per unit area and the wing surface and the rercentage wing weight
and wing surface will assume a parabolic form, as shown in Figs.

1l and 2, with the S line as axie of the rarabola, the curves ris-

ing from left to right and open to the right.
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Now in the first report it was shown regarding Lanchester's
conclusion, that the weight of the wing is proporitional to the
total weight raised fto the power of 1}, must be replaced by the
condition based on actual practice; that the weight of the wing is
approximately proportional to the total weight, gince it averages
about 14% of the total welght. Accordingly, as seen previously
in column 11 of Table 1 in T.B. Vol. II, Part 2, p.288, the per-
centage weight of the wing component must be virtually constant,
or only increase slightly with increasing size of the airplane,
Further, the weight per unit area, also, with constant wing load-
ing, has almost a constant value, or increases very slowly with
an increase in the size of the airplane., Both these conclusions
are in agreement with Figs. 1 and 3,

As to the relation between the percentage weight of the wing
component and the weight per unit area and the wing loading (Figs.
5 and 4), it is possible to arrive at a similar conclusion with
Tather more certainty, since in this case the different types
of airplanes are quite varied, and with the great Gifferences in
the construction‘represenfed, emphasize the divergence between
Lanchester's Theory and actual practice.

Now let it be assumed that the wing loading of any airplane
is increased, say, to double its first value by first increasing
the total weight, and secondly by reducing the wing area, The to= .
tal weight, however, must‘not be allowed to become proportional
to the cube of the dimensions as in these circumstances the con-

ditions in regard to strength are thereupon varied,
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It is necessary hére to gﬁve more attenfion to the forces
and the cross sectional areas of the parts; to the bending and
resistance moments; to the buckling length and the moments of in-
ertia; and it must be ensured that the breaking stress remains
constant, so that the same constructional materials may be used,

Further, as in practice we have to deal with rather small
variations in the wing loading, varying between about 235 and 50
kg/m® , (that is, the wing loading may be doubled) and as the per-
centage weight of the wing component only varies pefween 10 and
20%, the close distinction drawn in the first report, between the
total weight and the load darried by the wings at the.roots (ap-
proximately equal to W - Wg) may be neglected in considering
the following calculations; and to compensate in some way for
this, the parts of the airplane which are directly'supported by
the wings, such as, fuel tanks, part of the weight of the engine,
etc. , are not taken into acom unt., '

During the investigations, it should be remembered that the
various parts of the wiﬁg structure are subject individually to
different kinds of stress - to simple tension, simple buckling or
pure bending, combined buckling and bending or surface tension,
because each creates a different variation in the dimensions ard

weights. The relation between the weights of the various parts

which are included in the wing structure to the total weight of the

*ings, is shown by the following data taken from an earlier article:

(Everling and Gaule. Einzel — gewichte von Flugzeugflugeln - T.B,

Vol. I, p.298)..
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Table III.

Relatlon between the weight of the varicus component parts of tus
wing siTucture Ho tone weight of wings..

; Proportion| Stress kc/ome) (ko§ a
- or

Kind of stress Pa:ts Ofuiziuc ﬁgiggt M (%mkg)

weight

Pure tension or| Cables, Fit- 0.10 F/S 8=Cross section-
compression tings* _ . al area, cm?

Buckling Struts, in- 1 0.15 FI°/1, 1 =Buckling

cluding in- length, cm
i ternal - : :
struts. :

Bending | Ribs & lead- 0. 35 M/R R=Mcment of re-

ing & trail- : sigtance, om®
! ing edges '

Combined bend- | Spars 0. 30 F/S+H/R, I=Noment of in-
ing & buck- ertia, cm%
ling

Surface ten— Fabric, Fit- 0. 20 F/t t=Thickness, cm
gion tings**

Total Combined i . 1.00

weight of
» structure

On this basis, the variation of the percentage weight of the
wing and the weight per unit of area with the doubling of the wing .-
loading will now be investigated, it being brought about, in the
first place, by'doubling the total load. This doubles the forces
on the struts included in the structure and the bending moments

on the spars, resulting from the greater load in the bays along

* Only part of the weight of the fittings; the remainder is di-
vided among the other members as the fittings are sometimes under

complex stresses.

** In buckling, the basis of comparison is not the actual stress
but a numerical quantity which is inversely rroportional to the
factor of safety for a buckling load. (In the case of the ultimate
tensile strength this quantity would correspond with the tension.
The surface tension stress contains another factor, which is not
considered hers. )
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the spars ( and the displacement of the nodal points).

As, in accordance witk the Jast col:xmn 2% Table III, the
stresses on the spars are produced through lateral flexure due to
buckliﬁg and bending, and as, for their safety when subject to
buckling and bending loads, the ratio of the longitudinal forces
to the cross sectionmal area plus the ratio of the -maximum bending
moment to_the moment of resistance of the coross-section, is a
measure of their breaking strength; and since the numerators aTe
doubled, the denominators must, at least, be doubled also. This
is the same when the cross-sectional area of the-spars - and
hence their weight - is doubled, for then the moments of resistance
automatically increase in a higher ratio, namely, 2°° +imes, with
2 geometrically similar increase of the cross-section to twice
the area, -

. In the same way, the cross-sectional area, and, therefore,
the weights of teﬁsion membérs, — for example, the wire bracing, -
must be doubled; while the ribs which are only subject to bending
moment rendered a twofold iﬁcrease in the moment of resistance of
the cross-section necessary, and the subjection of the struts to
& buckling load which also necessitates a like increase (twofold)
of the moment of inertia of the section in both cases with a cor-
responding geometrically similar increase in the cross—sectional
area - that is, increase.in.WBight in the case of the ribs and

the struts of 3°7° and 2¥° respectively,

Further, with twice the wing loading, the covering fabric

must be 2”° times as tiick, that is, the weight must be increased

2
to 277 times 1ts original value,
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Hence, the total inorease in weight will be such that the fin-
2l weight will lie somewhere between twice and~/§ttimes the origi-
nsl weight. Thus, the coefficient of increased size and the pro-
portional increase in the weights of the various parts of the

—ings, according to Table III, amounts to

2 (0,01 + 0.30) + 232” x 0.25 + 2¥° (0.15 + 0.20) =

= 0.80 + 0.40 + 0.49 = 1,89 = 2°7¢ = **

approximately,

If the wing loading were increased 1.5 times, instead of as .

above the result would be -
0.80 + 0.33 + 0,43 = 1,38 ="1,5" %% = (1.5)¥*

that is, virtually the same rower,

Thus, by doubling the total load in order to double the wing
loading, the percentage weight of the wings becomes 0.85 and the
welght of the wings 1.7 times the original value.

Next, let the wing loading be increased by diminishing the
wing area and the aprertaining. structure for examrle, by half,
The epan, chord, and thickness of-the wing can thus be decreased
in the ratio 1A/§T and a bending load on the spars and ribs is
multiplied by .f2  per unit length.

The loading in the bays between the struts remains constant, _____
as do also the longitudinai forces on ail structural members sub-

ject to end loading; while the bending moments on the Spars are

decreassed in the same ratio as the lengths of the bays, namely .
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J/vfgj The moments of resistance of the spars may, thersfore, be
decreased; but since their section must remain constant their
weight can only be decreased in the same ratio as the reduction in
their length, namely, l/vfﬁt The members under tension may al<~
be lightensd in the same ratio.

On the other hand, the members subjected to bueckling, on ac-
count of the l/Jré— reduction in their length, may retain the or=
iginal factor of safety with cnly one-half the original moment of
inertia. Hence, their cross sectional area and also their length
may be decreased in the proportion of 1/~/§: and their weight
will, therefore, be reduced by a half.

As regards the members subject to pure bending, the moment
of resistance required is only 1/~/ET of that oriéinally L.ecessa~

/3
ry 80 that the section can be reduced by (%a » and their weight
5/6
will therefore be only (%) or approximately only half the or-

iginal value (as the ribs need not be placed so close together)
12

on account of the length being reduced bty ..

) .
:’ *

Finélly the fabric covering can be re'c2i to half the weight,
ag the original thickness must be maintained, pescause it takes the
game load on half the area.

Thus, according to Table III, the coefficient of reduction in
weight is here:~-

1

e (0.10 + 0.30) +%(o.15 + 0.35 + 0.20) = 0.28 + 0.30

-9 - 4/8

= 0.58 = 3 = 2



If, instead of 23 we take 1.5 we ghall obtain the following in-

stead of the above

—_ O —_ S
0.33 4+ 0.40 = 0.43 = 1.5 °° =1.58 ¥

That is, virtually, the same power.

Thus, by halving the wing area, in order to double the wing
loading, the percentage weight of the wings becomes 0.6 and the
welght of the wings 1.2 of the original wvalue.

Table IV gives the result of this investigation.

The geometric mean of the two modifications, which corresponds
to a double wing loading produced by a simultaneous increase of
the total load and a decrease of the wing area, is also given,

It has an approximate value of about 1/./ 2 and vfg_reSPectively.'
Table IV,

Variation of the relative weight of the wing unit and the weight
per unilt of area,

*ith twice Relative _ © Teight per unit of area.
the wing weight of
loading wing.

Vary in the proportion:-

By doubling 0. 85 ) 1.68
the total load
By halving 0. 58 1.7
the wing
ares _
Geometric 0.70 1,41

mean of the
two values

Empirical i1 0.7 5 _
coefficient 18 _ s = L5

according to
Table 2
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The percentage weight of the wing, thus, decreases in prac-
tice in almost exactly the same proportion with an increase in the
wing loading as that obtained by the rough calculation, The agree-
ment in the case of the weight of the wing per unit area is also
very good,

The establishment of the empirical coefficients from the
available data is certainly somewhat arbitrary owing to the rather
wide differences between the various types; and the same might be
said of the choice of the geometric mean. However, the empirical-
coefficients lie, in any case, in practice, within the limits of
the variations which restlt from doubling the load or halving the
area,

The previous divergencies between theory and practice, as
shown in the first report, give place here to comprehensive agriz-
ment, although this égreement, it is true, is somewhat obscured
by the great diversity in the data'from which it is derived, caus-
ed by the differences in the types and the construction embodied
therein and other contributory causes.

V, Analysis of the Structure from the point of view of the Vari-
ation in the Weight of Components with the size of the Airplane.

Synopsis.

In considering the division of the combined weight in the case
of a mumber of actual airplanes into its four component parts: the
fuselage and accessories, the tail unit (stabilizer, fin, rudder

and elevator) the wing unit and the landing gear (imcluding the
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tail skid, the average percentage weight of each unit can be.taken
as 1li, 3, 13, and 5% respectively of the total weight, and 36, 6,
43 and 16% respectively of the combined weight;

The %eights of the various parts of the wing urit in the case
of average types of airplanes, are strikingly similar. The per-
centage weight of the fuselage, however, slightly decreases as the
dimensions of the airrlane increase, and those of the tail unit
and landing gear unit become particularly important in the case of
the giant airplanes used for the investigation, partly owing to
the conditions in regard to strength, stability, size and instruc-

tion which are specified.

Analysis of the Structure.

The previous analysis of the total loaded weight of the air-
plane (T.B., Vol, II, Part 3, pp. 563-579) as to combined engine
and propeller unit weight and useful load (fuel and cargo) showed
that the percentage of the combined weight of the structure (fus—
elage, wings, tail unit, landing gear, etoc.) inc:eased@n 3 certain
ratio with increasing dimensions of the aifplane. On the other
hand, it was shown in the firet report (T.B. Vol.II, Part 2, p.3279)
that the weight of the wing contributed only in a small degree to
this inoreass, and the fourth report (first part of this report,
Table 1) the variations in the weight of the wing were explained
by the variation in the wing loading.

We must now carry the investigation further and asceritain to

what extent the other component parts contribute to the increass
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of the combined weight. For this purpose, the combined structural
welght which is always taken as a proportion of the total weight,
is split up into its component parts, and their relation to the diﬁ
mensions of the airplane considered first from the rtoint of view

of data relating to actual airplanes and then from general consid-
erations,

The required data have been given already in Table 1 of this
report. In columns 5 - 10 the structural weights are given and in
colunns 11 -15 +the corfésPQnding values of the weights of the var-
ious components are shown as percentages of the total flying weight.

The structure is analyzed according to the comstruction speci-
fications into the weights of fuselage Wf, supporting surface

(wings) W tail unit (fins, stavilizer, eleﬁators and rudders)

w?
Wi, Landing gear unit (inclusive of tail skid) W{, and fuselage
accessories W,. Since, in the construction specifications, the
weight of most of the accessories is included in the weight of the ]
fuselage, the proportionate values of the two have been added to—

gether forming the total (Wy + Wy).

The Component Weights and their derendence uron the size of
the Airplane.

In the diagram these percentage weights of the components of
the structure weight are plotted as ordinates against the size of
the airplane (which is represented there by the flying weight W)
(Fig, 5). Their sum gives the percentage combined structural
weight c, = 100 W /W. As the weight of the wings has already been

thoroughly investigated, it is of little importance here, so that
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she crdez from bothom to top ig

1) T?.il unit (stabilizer, fin, rudder, elevator), c; = 100 Wy/W.-
2) Fuselage, including accessories, cf = 100 (We + W,).

Z) Wing component (wings and ailerons), c, = 100 Wy/W.

4} Landing gear (landing gear and ‘tail skid), o, = 100 W /W.

so that the two values,. the variations in the weight of which must
also be followed from general considerations are the lowest and can
be more clearly seen. The percentage weight of the tail unit is,
in fact, very small, about 1.%%; and shows, with few exceptions,
only slight variations from the mean value so that the percentage
weight of the fuselage plotted above i, generally begin about the

same level and the position of the circle denoting the upper limit

indicates the weight of the fuselage.

Table V,

v Average Valuea of the Varimug Units of 4irplanes.

1 2 3 ‘4 5 8 7 8 } g
T
No. Types of No, |[Flying weight{Percentage of flylng welght
a.irplanes’ of Com- Wt.  Wt.. VL, Wt.,
types | From To |bined | of of of land-
' struc-| wing [tail{fuse4 ing.
ture lage | gear
Ce | Cw Ct cf (o7
kg kg | % % | B % | P
.1 | Rotary engine 4 535 832 | 33 12 2 14 =
single seatel .
2| Vertical enging 9 780 10286 31 13 3 11 5
single seatetT )
3| Light 2-seater 4 ¢ 9380 1218 36 156 31 13 5
4| C-type airplang 23 1071 1668 233 12 3 11 4
51 J-type airplan 1 3003 2003 33 20 3 5 : 4
6| G-type airplang 10 | 2785 | 3795 | 30 14 1 11 4
7 | R-type airplamn 4 10203 | 13035 43 19 3 13 7
g| Hean of all tya&sss S8B5/ 13035 | 31 13 1 2} 11 5
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Table V {(Cont. )

Average Values of the Various Units of Al rplanes.

1 2 3 0 11 13 13
. No. Types of No, Percentage'of combined structural weight.
alrplanes of '
types 100 ¢ 100 100 100
! :
Cw Ct °r S
Cc Cc Cc Cc
| % | % # %
| i ) -
1 | Rotary engine 4 36 5 43 17
single seater
8 | Vertical engine; 9 43 6 ° 36 16
single seater
3 | Light 2-seater 4 43 7 37 13
4 | C—type airplane| 23 43 51 37 i5
5 | J-type airplane 1 83 8 17 13
6 | G-type airplane| 10 46 4 36 14
7 | R—type airplane 4 44 8 31 17
8 { Mean of all typesss 43 & 38 15

It can be seen still more clearly in the diagram than in Table

1, that the variation in the values is comparatively small and it

appears justifiable that the average values be taken for the per-
centage combined structural weight for the separate types of air-
rlane (Table V), The relation between the weights of the compo-
nents and the combined weight presents still greéter uniformity
than the average values; according to the table all component parfs
of the combined structuré contribute in a similar manner to the in-
crease in the structural weight,

The main exception is the tail unit, the weilght of which is
comparatively smaller in large airplanes than in smaller types; but

which increases, however, in giant airplanes to about double the



original value.

The percentage weight of the fuselage on the contrary decreases
with increasing fly{ng weight from 42% of the ccmbined structural
weight in 1light single-seaters, to 31% in giant airplanes{ while in
medium-sized airplanes it is abouf 36 - 37% excluding the J-type
airplanes, the peculiarities of which have already been alluded to.

Finally, the percentage weight of the landing gear unit in re-
lation to the total loaded weight reaches the maximum in gilant air-
rlanes; in all other types, on the contrary, the landing gear unit

percentage is lighter, in comparison to the structural weight.

Conclusions,

In order, first of all, to appreciate the variations in the
weight of the tail unit, it must be remembered that some W-
airplanes, (namely, those having a ¢ value of 0.8, !see Table 1)
have a very long fuselage and a comparatively small tail unit, and
that on the contrary, the tail units of ths = - pe airplanes
which are larger in proportion to the wing w7-: ~, necessitate
the special reinforcement of the stiucture, thus increasing the
weight.,

Here, as in the first repori, according to Lanchester's Theory,
we might also consider the relation between the -weight of the tail
unit, and the total weight, wing area and wing loading, b& a de—
tailed examination of the_stresses produced in the various members,
as was made in the case of the wing unit, but this is hardly worth

'while in view of the fact that the weight of the tail unit is, at

most, only 3% of the total weight.
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With comparatively heavy fuselages it would be an advantage
to estimate the increase of weight, for instance, when all lineaf
dimensions are doubled while the wing loading remains constant.

In that case, the wing area and the total weight are quadru-
pled, the righting moments due to the tail unit and transmltted
through the fuselage, becomes eight times as great as do also the
bending moments upon the fuselage (considered as a cantilever);
the moment of resistance of thelfusglage must therefore; be in-
creased eight times, and this takes place automatically when all“_“m“
the linear dimensions are doﬁbled. The weight of +the fuselage,
however, increases eight times, that ie, as the total weight raised
to the power of 1.5, exactly the same result as given in the first °_
rerort for the welght of the wings. Thé influence of the weight _
of the fuselage itself upon the total load and on the bending mo- -
ments may be neglected. Accordingly, the percentage weight of the
fuselage must increase with increasing ‘total weight as the square
root of the total weight. In reality, however, the ratio of the
weight of the fuselage to total weight remains constant, and the
ratio to the struocture weight is improved. |

Thie can be explained &s in the case of the weights of the
wings, by the variation of the static reguirements, infregard to
local strength and the factor of safety in the structure, and fﬁr—
ther, owing to the possibility with a tail unit of larger area,
and therefore, of greater weight, of constructing a shorter and
thus lighter fuselage; or, in other words, owing to the fact that

the assumption of a similar increase of dimensions, when applied

to & different type of construction, no longer holds good.
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Finally, it is obvious that in quite large airplanes, as also
in light fast aifplanes, the landing gear must be pr0portionateiy
heavier, although in this case, the differences with various types
of zairplanes are small.

Thus, it is seen that the various components contribute fair-
ly evenly to the percentage variations in the combined structural
and

weight, which, as shown in +the second report, in recent OC-

@-airplanes, is less than 30%; but in R—type_airplanss, is 40% of

s

the total weight.

Translated by the ¥ational Advisory Committee for Aeronautics.
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